We evaluate the potential for current and future cosmic shear measurements from large galaxy surveys to constrain the impact of baryonic physics on the matter power spectrum. We do so using a model-independent parameterization that describes deviations of the matter power spectrum from the dark-matter-only case as a set of principal components that are localized in wavenumber and redshift. We perform forecasts for a variety of current and future datasets, and find that at least ∼90% of the constraining power of these datasets is contained in no more than nine principal components. The constraining power of different surveys can be quantified using a figure of merit defined relative to currently available surveys. With this metric, we find that the final Dark Energy Survey dataset (DES Y5) and the Hyper Suprime Cam Survey will be roughly an order of magnitude more powerful than existing data in constraining baryonic effects. Upcoming Stage IV surveys (LSST, Euclid, and WFIRST) will improve upon this by a further factor of a few. We show that this conclusion is robust to marginalization over several key systematics. The ultimate power of cosmic shear to constrain galaxy formation is dependent on understanding systematics in the shear measurements at small (sub-arcminute) scales. If these systematics can be sufficiently controlled, cosmic shear measurements from DES Y5 and other future surveys have the potential to provide a very clean probe of galaxy formation and to strongly constrain a wide range of predictions from modern hydrodynamical simulations.
INTRODUCTION
Weak gravitational lensing has tremendous potential to inform our knowledge of the universe, on distance scales ranging from galactic to cosmological. In particular, cosmic shear, the statistical measurement of the distortion of observed galaxy shapes due to lensing by the distribution of matter along the line of sight, can provide information about the background cosmological model, via its sensitivity to the growth of structure and the strength of gravitational clustering on various scales. The first successful measurements of cosmic shear were carried out using patches of the sky with area of order one square degree (Bacon et al. 2000; Kaiser et al. 2000; Wittman et al. 2000; Van Waerbeke et al. 2000) . More recent measurements from the Stripe 82 region of the Sloan Digital Sky Survey (Lin et al. 2012; Huff et al. 2014) , the Canada France Hawaii Telescope Lensing Survey (e.g. Heymans et al. 2013) , the Dark Energy Survey Sci-E-mail: sfore@stanford.edu ence Verification run (The Dark Energy Survey Collaboration et al. 2015) , and the Kilo-Degree Survey (Kuijken et al. 2015) have used O(100) square degrees and are beginning to provide useful low-redshift cosmological constraints that are complementary to the high-redshift information obtained from the cosmic microwave background. Indeed, there currently exist discrepancies between the two sets of constraints that have yet to be resolved (see e.g. MacCrann et al. 2015 for further discussion). Future surveys like the Wide Field InfraRed Survey Telescope (WFIRST) 1 , the Large Synoptic Survey Telescope (LSST) 2 , and Euclid 3 will expand the sky coverage to O(10000) square degrees, and measure the shapes of orders of magnitude more galaxies than previous observational programs.
The observed shapes of galaxies are altered by gravitational lensing by only about 1%, and it is the statistical correlations among these shapes that are the primary end product of cosmic shear observations. There are many possible sources of systematic errors that could contaminate the underlying cosmological signal, and each must be characterized in detail in order to obtain robust results. These include instrumental distortions of observed galaxy shapes caused by the telescope's point-spread function; biases in the methods used to measure shapes from raw images; uncertainties in the photometric redshifts obtained for each galaxy; "intrinsic alignments" of galaxies with nearby structures, independently of the alignments caused by lensing by the line-of-sight distribution of matter; and uncertainties in the theoretical modeling of the distribution of matter on small scales. This paper will focus on the last point, in particular on the effects of baryonic physics on the underlying twopoint statistics of the distribution of matter. It is wellknown (White 2004; Zhan & Knox 2004; Jing et al. 2006; Rudd et al. 2008 ) that these effects can strongly influence cosmological constraints derived from cosmic shear measurements if not properly accounted for. For this reason, it is common to in cosmological analyses to simply exclude scales where these effects are important. Alternatively, a variety of schemes have been developed to allow inclusion of these scales by mitigating the effects of baryons on the desired information. These includes parametrizations of baryonic effects in the context of the halo model Semboloni et al. 2011 Semboloni et al. , 2013 Zentner et al. 2013; Mohammed & Seljak 2014; Mead et al. 2015) , perturbation theory (Lewandowski et al. 2015) , principal component analysis (Eifler et al. 2015; Kitching et al. 2016) , or empirical fitting functions for the net effect (Harnois-Déraps et al. 2015) or individual baryonic components (Schneider & Teyssier 2015) , along with other techniques not based on direct parametrizations (Huterer & White 2005; Kitching & Taylor 2011; Bielefeld et al. 2015) .
However, one can also turn the question around, and treat these baryonic effects as signal to be constrained instead of nuisance to be removed or marginalized over. The advantage of using cosmic shear for these constraints is that it provides a relatively clean probe of the underlying matter distribution, free of the need to classify individual objects and explicitly relate them to dark matter halos or properties of their environments. Similarly, the effect of baryons on the total matter distribution can also be obtained relatively easily from a numerical simulation, by simply measuring the N -point matter statistics from snapshots of the simulation output. In recent years, such simulations have reached sufficient levels of detail that it is worthwhile to compare their predictions to observations of the real universe, and cosmic shear can act as nice complement to other observations that have already been exploited for this purpose (e.g. Schaye et al. 2010; Viola et al. 2015) .
Rather than performing a separate analysis to constrain each implementation of baryonic physics one is interested in, it is possible to obtain generic, model-independent constraints via a principal component analysis of the deviations of the observed matter power spectrum from a fiducial "dark matter-only" case. One can construct principal components of these deviations (in the form of linear combinations of deviations from the dark matter-only power spectrum at discrete points in the wavenumber-redshift plane) from a Fisher matrix corresponding to a specific survey: inverting and then diagonalizing this matrix not only gives the principal components corresponding to that survey, but also provides an automatic ranking of these principal components in terms of the expected constraints on their amplitudes. (For applications of this procedure to other problems in cosmology, see Huterer & Starkman 2003; Albrecht et al. 2009; Samsing et al. 2012.) One can then simply constrain these amplitudes in a likelihood analysis, and thereafter straightforwardly relate these constraints to any baryonic model of interest.
One may contrast this approach to that of Eifler et al. (2015) , which also applies principal component analysis to the issue of baryonic effects. The approach in that work is to find the principal components of the variations in the matter power spectrum between a range of specific baryonic models, and then remove these principal components from both the data and theory vectors in a likelihood analysis, in order to minimize the amount that cosmological constraints are contaminated by these effects. Our approach is rather to find the principal components of the matter power spectrum that will be best constrained by a cosmic shear measurements from a given survey, and then relate constraints on these principal components to constraints on a set of baryonic models as a second independent step.
In this paper, we carry out forecasts to assess the performance of this approach when it is applied to current and upcoming weak lensing surveys. Our forecasts marginalize over a variety of systematic effects relating both to calibration of the shear measurements and uncertainties in the theoretical modeling. For all surveys we consider, we find that 90% of the constraining power contained in the shear correlation function is captured by at most nine principal components of the matter power spectrum. We use this fact to define a figure of merit: the reciprocal of the geometric mean on the expected one-sigma constraints of the amplitudes of the nine principal components. Comparing this figure of merit for different surveys, we find that the constraints on baryonic effects from Stage III surveys like the Dark Energy Survey or Hyper Suprime Cam Survey 4 can improve upon those from currently available datasets by roughly an order of magnitude, while Stage IV surveys will only improve upon this by a factor of a few, with the constraining power being driven mainly by the number of galaxy shapes that can be measured by each survey.
We then apply this method to a representative set of models for baryonic effects on the matter power spectrum; specifically, we use nine models from the OverWhelmingly Large Simulations (OWLS; Schaye et al. 2010; Van Daalen et al. 2011) suite. We find that the constraining power of future surveys is strongly dependent on the minimum angular scale at which measurements of the shear correlation functions can be used. In particular, measurements at scales of less than one arcminute would allow Stage III surveys to rule out the majority of the OWLS models at more than fivesigma confidence (or alternatively rule out the dark matteronly power spectrum if one of these models were correct). Furthermore, these measurements would also likely allow for the identification of a single "best-fit" model among those that currently exist.
While we marginalize over a wide range of systematics, our conclusions rely on the existence of shear catalogs with well-understood properties (in terms of, for example, selection functions) at the appropriate scales. Provided that such an understanding can be attained (particularly for θ 1 ), however, our results demonstrate that cosmic shear is capable of providing stringent tests of the results of current and future hydrodynamical simulations, opening an additional window on the physics of galaxy formation and evolution (or at least, its implementation in simulations).
The paper is organized as follows. In Sec. 2, we describe the principal component method we use for parameterizing the matter power spectrum, while in Sec. 3 we describe our assumptions about the surveys we provide forecasts for, the mock cosmic shear data and covariances we associate with these surveys, and the set of baryonic models we will use for our tests. In Sec. 4, we verify that most of the constraining power of each survey with respect to the matter power spectrum is contained in no more than the first nine principal components, and describe how we relate constraints on these principal components to a given baryonic model. In Sec. 5, we compare the performance of various surveys via an appropriately-defined figure of merit, and also quantify this performance in terms of constraints on the baryonic models in our test set. We additionally examine the impact of varying our priors on the most important theoretical systematics. Finally, we provide additional comments and conclude in Sec. 6.
METHOD OF PRINCIPAL COMPONENTS
We begin by seeking a generalized parametrization of the matter power spectrum that allows for deviations from the DM-only case that are localized in wavenumber k and redshift z. Such a parametrization will allow us to account for the fact that the strongest constraints on P (k, z) from cosmic shear will be localized where the lensing kernels peak, and also for the fact that models for baryonic effects will have characteristic scale-and redshift-dependence that will vary from model to model.
One such parametrization simply uses the fractional deviation ∆ between the full power spectrum and the DM-only one at discrete values of k and z, taking the value of that deviation at each sample as a free parameter and smoothly interpolating between these samples at other values of k and z:
A version of this parametrization that assumes that ∆ is z-independent was used in Huterer & Takada (2005) and Hearin et al. (2012) . (For other works that do not rely on a z-independent parametrization, see Bernstein 2009; Bielefeld et al. 2015 .) For our purposes, it is important to relax this assumption, but this requires the introduction of at least several tens of new parameters {∆ij} into any analysis that would make use of this parametrization. Following the discussion above, some of these parameters will be much better constrained by a particular dataset than others. In addition, the nature of cosmic shear observables as projections of the matter power spectrum will lead to strong degeneracies among these parameters, since there are many ways to perturb the {∆ij} in a correlated way without significantly affecting the final signal. Therefore, we further seek a convenient basis for these parameters that eliminates degeneracies as much as possible, and also identifies which basis elements are most relevant for a given set of observations. In fact, such a basis is straightforward to construct: given a covariance matrix for the {∆ij}, its eigenvectors would specify a set of linear combinations of the {∆ij} that are maximally uncorrelated with one another, while the corresponding eigenvalues would indicate the expected variance on a measurement of each linear combination. Sorting these "principal components" (PCs) by eigenvalue, we can then hope to identify a minimal subset of them that will suffice for a particular analysis (in our case, providing sufficient constraints on a range of baryonic models). Such a procedure has previously been applied, for example, to the reconstruction of a time-dependent equation of state for dark energy (Huterer & Starkman 2003) , and of the primordial spectrum of curvature perturbations from inflation (Kadota et al. 2005; Dvorkin & Hu 2010) .
For a given survey, the covariance matrix of the {∆ij} (along with other parameters related to the background cosmology and systematics) can be approximated by the inverse of the appropriate Fisher matrix. Recall that for a given vector of observed data points d with associated covariance Cov, along with a given model with parameters {pa}, the Fisher matrix is given by
where the last term incorporates optional Gaussian priors on each parameter pa. Upon inverting F ab and then diagonalizing the submatrix corresponding to the {∆ij}, we obtain a new set of parameters αa, defined by
where the (i, j) indices on ∆ have been compressed into a single index µ for brevity. We use conventions where the {β a } are orthonormal vectors, i.e. µ βaµβ bµ = δ ab . We will denote the eigenvalues (forecast variances of each αa) by σ 2 a . To visualize the results of this procedure, in Fig. 1 we show the 6 PCs whose amplitudes will be best constrained by (i.e. have the lowest variance when constrained using) measurements of the cosmic shear two-point function from DES Y5, where the assumed properties and treatment of systematics for DES Y5 will be described in Secs. 3.1-3.2. These modes were constructed from a set of {∆ij} defined in a 36 × 36 grid in log(k/[ h Mpc −1 ]) and z, bounded by the edges of each panel in Fig. 1 . The lower bound for k, 0.1 h Mpc −1 , has specifically been chosen to exclude linear scales, while the other boundaries have been chosen to encompass the range of wavenumbers and redshifts where DES is expected to be most informative (assuming measurements of ξ± to θmin = 2 ). Similar considerations apply to our forecasts for other surveys. Figure 1 . The six principal components of ∆(k, z) ≡ P (k, z)/P DM-only (k, z) − 1 that will be best constrained by measurements of the cosmic shear correlation functions ξ ± from DES Y5, as determined by the procedure in Sec. 2. (See Sec. 3 for our assumptions about the details of these measurements.) The shapes of these principal components correspond to curves in the (k, z) plane that contribute to multipoles at different values. ) and z), while the dashed line corresponds to a coarser sampling (a 5 × 5 grid). The expected uncertainties increase rapidly with mode number, implying that a finite number of the lowest modes likely contain the bulk of a survey's information about the matter power spectrum. Furthermore, this increase is most rapid when the (k, z) plane is sampled more coarsely, since each sample then acts as a wider "bin" in the (k, z) plane and thus encapsulates more information. Forecasts for other surveys exhibit the same behavior.
The appearance of these modes in Fig. 1 reflects the sensitivity of the data to projections of P (k, z) that contribute to different angular scales: specifically, a given multipole C will probe the matter power spectrum along the curve k = /χ(z), where χ(z) is the comoving distance to redshift z (see Eq. (5) in Sec. 3.1). Measurements of ξ± in a given angular bin will be sensitive to a range of multipoles; it is also possible that sets of angular bins exist that are impacted equally by fractional variations in the power spectrum at a given level. are identified and combined together automatically by the PCA procedure.
In Fig. 2 , we show the projected constraints on the amplitudes of the most important PCs for DES Y5, normalized to the constraint on the PC with lowest expected variance. The solid line in this figure uses PCs obtained from the same 36×36 grid in log(k/[ h Mpc −1 ]) and z for ∆ij that was used to produce Fig. 1 , while the dashed line arises from a much coarser 5×5 grid in log(k/[ h Mpc −1 ]) and z. (The four bestconstrained PCs corresponding to this coarser sampling are shown in Fig. 3 .)
The steep dropoff in constraining power (generically also seen in forecasts for other surveys, not shown in Fig. 2 ) indicates that a finite number of PCs will likely contain the majority of the information about the matter power spectrum that we could expect to extract from a given set of shear measurements. The difference between the dashed and solid lines further implies that a coarser sampling of the (k, z) plane is more efficient in compressing the constraining power into a small set of PCs. Henceforth, in this work we will use a 5 × 5 grid to produce our results, since this is the smallest number of points that will allow us to use cubic splines to interpolate along each axis. Coarser grids paired with different interpolation methods may also be useful, but we will not pursue them in this work. It is worth mentioning that in the original basis of {∆ij} variables, some of these variables may be so poorly constrained that their corresponding elements in the Fisher matrix will cause the matrix to become ill-conditioned, impeding its inversion or diagonalization. This can be ameliorated by incorporating a large Gaussian prior for each variable, which will not affect the results for the most important modes. For our forecasts in this work, a prior of σ(∆ij) = 10 4 was sufficient to eliminate these numerical issues.
MOCK DATA AND BARYONIC MODELS
We will demonstrate the performance of the method described in Sec. 2 by carrying out forecasts in which it is applied to a number of mock data sets corresponding to current and upcoming weak lensing surveys, and comparing to what would be obtained from attempting to directly constrain a set of representative models for baryonic effects on the matter power spectrum. In this section, we describe how these mock data sets are constructed, our treatment of systematic effects that could be important for cosmic shear measurements on the relevant scales, and the baryonic models we use for our test set.
Mock data
For our forecasts, we consider a variety of upcoming surveys (along with the already-completed Dark Energy Survey Science Verification run, DES SV, which will serve as an indicator of the constraining power of currently available data). Table 1 displays the properties we will assume in this work. These properties are based mainly on , with following exceptions: for DES Y5, we have use a slightly more conservative value for the density of sources; for HSC, we have used the sky coverage and a more conservative value of the source density from Osato et al. (2015) ; and for Euclid, we have used the density of sources specified in Laureijs et al. (2011) . For all surveys, we will assume an intrinsic shape noise of σ = 0.27 per component. Where appropriate, throughout the paper we will comment on the sensitivity of our forecasts to these assumptions.
For the data themselves, we will use the real-space twopoint shear correlation functions ξ±(θ), given by
where J 0/4 is the Bessel function of order 0 or 4, and i, j denote the two tomographic redshift bins involved in the correlation. The multipoles of the convergence field, C ij , are obtained from the matter power spectrum via
where χ h is the comoving distance to the horizon and fK (χ) is the comoving angular diameter distance (equal to χ in a flat universe, which we will assume in this work). The lens efficiency gi(χ) is given by
Our base forecasts will be performed using 6 measurements of each of ξ+ and ξ− per redshift bin pair, log-spaced between θmin = 2 and θmax = 300 , although we will also investigate the consequences of other choices of θmin.
For the distribution of sources ni(z) in each redshift bin, we will use the exact distributions from DES SV for the corresponding forecast. For DES Y5 and the other surveys, we employ the following parametrization with parameter values given in Table 1 , dividing the total n(z) into bins with equal numbers of sources:
We base the source distribution for HSC on Oguri & Takada (2011) , while we follow for the other surveys. We make a conservative choice of 5 redshift bins for DES Y5, while we will assume that the other surveys will be capable of collecting sufficient statistics in 10 redshift bins. For the covariance of the mock correlation function measurements, we will restrict ourselves to the Gaussian approximation, evaluated as in Joachimi et al. (2008) . We refer the reader to that paper for the derivation, and merely quote the final expression we use, which accounts for the difference in our conventions for σ :
where δ+− = 1 for CovG [ξ+, ξ+] or CovG[ξ−, ξ−] and 0 otherwise, and n is the angular density of source galaxies in each redshift bin (in our forecasts, n is the same for each bin in a given survey). In Eq. (8), we have defined
For a subset of our forecasts, we have also implemented the leading non-Gaussian terms in the covariance (the trispectrum of the convergence, along with a halo sample variance term that accounts for the influence of modes beyond the survey window), using the halo model treatment described in Eifler et al. (2015) , to which we refer the reader for details. We find that the inclusion of these terms has negligible impact on our results, justifying our use of the Gaussian approximation for the remaining forecasts.
For our fiducial cosmology, we use the following best-fit parameters from Planck Collaboration et al. (2015): Ωm = 0.316, Ω b = 0.0491, h0 = 0.673, σ8 = 0.83, ns = 0.965, w = −1.0, and τ = 0.078. In our forecasts, we allow these parameters to vary within the one-sigma priors determined from Planck. Previous work (Natarajan et al. 2014; HarnoisDéraps et al. 2015) has shown that it is important to consider the effect of massive neutrinos jointly with other effects on the small-scale matter power spectrum, and therefore we also marginalize over the sum of neutrino masses in our forecasts, assuming a fiducial value of Σmν = 0.06eV (for simplicity, we only assume a single massive neutrino species).
For each survey, we compute a mock data vector and mock covariance matrix with the properties and fiducial cosmology described above. We then use these to compute a Fisher matrix, where the set of varied parameters consists of the cosmological parameters in the previous paragraph, neutrino mass, the grid of 25 P (k, z) values described in Sec. 2, and the systematics parameters listed in the next section. The maximum redshift for the power spectrum grid is set roughly to the maximum redshift for each survey, while the maximum wavenumber is set based on the value θmin.
6 We then invert the Fisher matrix and diagonalize the submatrix corresponding to the P (k, z) samples; the eigenvectors (PCs) and eigenvalues {σ 2 a } are then used to obtain the results in the remainder of the paper.
We use CAMB (Lewis et al. 2000) to calculate the linear matter spectrum, and Halofit (Smith et al. 2003; Takahashi 6 Specifically, we use kmax = {50, 100, 400} h Mpc −1 for θ min = {4 , 2 , 0.5 }. These kmax values we chosen to obtain convergence of the final forecast results with respect to small changes in kmax. Therefore, the results are not strongly sensitive to the values of the power spectrum precisely at kmax, but are only sensitive up to a wavenumber around a factor of a few smaller.
et al. 2012) as an approximation for the nonlinear corrections from gravitational evolution. Furthermore, we use the modified Halofit prescription from Bird et al. (2012) to account for the effect of massive neutrinos. (In Sec. 3.2, we describe how we account for possible uncertainties in the modeling of the nonlinear power spectrum.) Most numerical computations are performed using CosmoSIS , with the exception of the mock covariances, for which we use CosmoLike .
Treatment of systematic errors
We have attempted to include a selection of possible systematic errors that will likely be relevant for cosmic shear measurements on the scales we are interested in. Our implementation is as follows: , we assign a single free multiplicative parameter mi to each redshift bin, so that C ij → (1 + mi)(1 + mj)C ij , and marginalize over each of these parameters, using a Gaussian prior of width 0.05 centered at zero. This choice is extensively discussed and motivated in Jarvis et al. (2015) in the context of DES SV, but the general features of that discussion are likely to apply to shear calibration issues in other surveys as well.
(ii) Photometric redshift uncertainties: For each redshift bin, we allow for a uniform translation δzi of the entire source distribution within that bin, such that ni(z) → ni(z−δzi). We marginalize over each δzi with a prior of 0.05, which was found to reflect the uncertainty in the redshift distributions from DES SV (Bonnett et al. 2015) ; while this value is much larger than the uncertainty goal for photo-z's from future (e.g. Stage III) observations, to be conservative, we use it for all surveys we consider.
(iii) Intrinsic alignments: We assume the non-linear tidal alignment model of Bridle & King (2007) , with free overall amplitude AIA, assigned a wide prior of σ(AIA) = 5 and marginalized over in our analysis. We discuss this choice further in Sec. 5.3.
(iv) Uncertainty in power spectrum modeling: We treat this uncertainty by allowing for two constant fractional shifts in the value of the "DM+neutrinos" power spectrum, above and below some transition wavenumber ktr, with exponentials smoothly connecting the two regimes:
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We fix ktr = 0.5 h Mpc −1 , and marginalize over the two amplitudes S (low) P and S (high) P , with Gaussian priors of 0.02 and 0.05 respectively. These priors are roughly based on conservative estimates of the accuracy of currently-available fitting functions like Halofit or the CosmicEmu emulator (Heitmann et al. 2014 ). In the future, the combination of improvements in perturbation theory (e.g. Foreman et al. 2016 ) at large scales and more ambitious emulation programs or approaches to nonlinear modeling at smaller scales will likely decrease these errorbars dramatically. We explore the effect of varying the prior on S (high) P in Sec. 5.3 (our results are insensitive to the prior on S (low) P ).
(v) Other small-scale shear systematics: There exist several other systematics effects that could become relevant at high multipoles, or equivalently small (∼arcminute) angular scales. Examples of these include higher-order terms in the expansion of the "reduced shear" γ/(1 − κ), which is what is actually observed (rather than the pure shear γ itself) (Shapiro 2009; Krause & Hirata 2010) ; lensing bias, the effect of lensing on observed properties of galaxies, which can lead to biased selection in regions of large magnification (Schmidt et al. 2009; Krause & Hirata 2010) ; and environment-dependent selection biases, arising for example from excluding blended sources (which typically occur in regions of high convergence) from a shear catalogue (Hartlap et al. 2011; MacCrann 2016; MacCrann et al. 2016 ).
Fortunately, a simple power-law model, ∆C /C ∝ p serves to mimic the impact of most of these effects quite closely, with p ≈ 0.5 providing a good match to examples of explicit calculations found in the literature (Shapiro 2009; Schmidt et al. 2009 ). Therefore, we roll these effects into the following phenomenological model, letting S shear be the overall amplitude of these effects at = 10 4 :
Such a model was also used in Huterer et al. (2006) , who pointed out that other additive systematics such as anisotropies in a telescope's point-spread function will likely have a similar impact on the angular power spectrum. We marginalize over the amplitude S shear with a prior of 0.05, which is roughly the level at which these effects are expected to contaminate near-term shear measurements (MacCrann 2016; MacCrann et al. 2016 ). We investigate how our results depend on the prior on S shear in Sec. 5.3.
In summary, we marginalize over (2n bins + 4) systematics parameters, along with the sum of neutrino masses.
Models for baryonic effects
To represent a range for the types of baryonic effects on the matter power spectrum that can be expected within reasonable scenarios, we consider the 9 unique models that compose the OWLS suite of hydrodynamic simulations (Schaye et al. 2010; Van Daalen et al. 2011) . A brief summary of the physical effects that are included in each model can be found in Table 1 of Van Daalen et al. (2011) . These simulations were carried out using a modified version of Gadget-3, in periodic boxes with side length 100h Figure 4 . Ratio of total (baryons+DM) power spectra over DMonly power spectrum at z = 0 for each baryonic model described in Sec. 3.3.
matter) was started with the same initial conditions, so that the ratio P baryons+DM /P DM-only can be obtained without the sample variance inherent in the initial perturbations 7 . These ratios are shown in Fig. 4 at z = 0 for each of the 9 models. These models can be phenomenologically classified into two groups: (i) AGN, DBLIMFV1618, WDENS, WML1V848: These include strong feedback processes that drive gas out of galaxies, smoothing the total density field and thereby suppressing the power spectrum for k 10 h Mpc −1 . (ii) REF, WML4, NOSN NOZCOOL, NOZCOOL, NOSN: These contain relatively weak feedback (or none at all), with the dominant effect on the power spectrum instead being an enhancement at k 5 h Mpc −1 arising from gas cooling that increases the central density in halos.
In Fig. 5 , we show contour plots of the ratio P baryons+DM /P DM-only for the two models at the extremes of this classification: AGN, which includes feedback from active galactic nuclei in addition to supernovae, and NOSN, which does not include any feedback mechanisms but includes radiative cooling.
Of the OWLS models, AGN can be thought of as the most realistic, since the AGN feedback effects that it includes result in much better agreement with observations of low-redshift groups of galaxies than any of the other models (see Schaye et al. 2010; Van Daalen et al. 2011; Viola et al. 2015 for details). Some others, such as those that neglect radiative cooling processes known to be important in matching galaxy-scale observations, are decidedly unre- Fig. 4 , but plotted as a function of wavenumber and redshift, and only showing the two most extreme models: one (AGN) in which the combined effects of AGN and supernova feedback lead to a strong suppression of the power spectrum at relatively large scales, and another (NOSN) that neglects all feedback processes but contains gas cooling that enhances the power spectrum at small scales.
alistic. Nevertheless we still find it useful test to test our principal-component method on the full range of scenarios.
VALIDATION OF METHOD
The strategy of identifying the best-constrained principal components of P (k, z), as described in Sec. 2, will only be useful if these principal components can also provide a reasonable amount of information about the influence of baryonic effects on the power spectrum. In this section, we quantify the information content of the best-constrained PCs with respect to our chosen set of baryonic models, and demonstrate that a small number of these PCs provides sufficient information about the full set of models to lead to meaningful constraints. We first define the following parametrization for each baryonic model separately, based around a free amplitude A bar that interpolates between the DM-only case (A bar = 0) and the exact DM+baryons power spectrum (A bar = 1):
If we were only interested in a single baryonic model, we could imagine using Eq. (12) as our model for baryonic effects, and attempting to constrain A bar along with the other cosmological and systematics parameters. Alternatively, we can parametrize baryonic effects using the amplitudes {αa} of the N most important PCs. To do so, we can solve Eq. (3) for ∆µ at each µ ≡ (ki, zj), using only up to mode N on the right hand side, and then smoothly interpolate between these discrete values of ∆µ to construct a function ∆N (k, z), which will depend on the values {α1, · · · , αN }. The power spectrum is then given by
An intuitive way to determine how much information the PCs provide about different baryonic models is to relate constraints on the amplitudes {αa} to a constraint on A bar . If we treat each amplitude as providing an independent "measurement" of A bar and apply inverse-variance weighting to these "measurements," we obtain
where α (bar) a is the projection of the specific baryonic model onto the chosen PCs:
(The second equality in Eq. (14) follows from the fact that ∆ (bar) µ
, and therefore α
, is linear in A bar .) When all available PCs are used in Eq. (14) to determine σ(A bar ), the result is very close to the output of forecasts in which we constrain A bar directly for each baryonic model in our testing set. However, it is sufficient to use a much smaller number of PCs to retain a comparable amount of constraining power. In Fig. 6 , we check how this constraining power scales with the number N of the most important PCs we retain, by plotting the ratio of σ(A bar ) obtained from all PCs and that from the first N PCs. If we wish to retain 90% of the constraining power of the full set of PCs, we may only keep the first 9 PCs in our analysis. This number is an upper bound across all surveys we have investigated, including those not shown in Fig. 6 , and can be considered as a validation of the usefulness of the PCA approach.
In the next section, we will perform forecasts for the constraining power of the first 9 PCs of various surveys. We use the same number of PCs for each survey in order to make meaning comparisons, but in principle, a given survey might require even fewer PCs to achieve meaningful constraints. For example, the top panel of Fig. 6 shows that for cosmic shear measurements comparable to those of DES SV, only the first 6 modes are required to capture 90% of the full amount of information about the impact of baryons of the matter power spectrum. Optimization of the number of PCs in other cases is best left to future, survey-specific analyses.
FORECASTS

Performance of various surveys
In order to quantify the constraining power of different surveys with respect to generic baryonic effects on the matter (12)), σ(A bar ) from using all available PCs with that from using only the N best-constrained PCs for the three surveys specified above each panel. For each set of modes, the effective constraint on A bar is calculated using Eq. (14). The black curve corresponds to the OWLS AGN model, while the blue band represents the range spanned by all OWLS models. This represent the fraction of the full survey's information that is retained by the first N PCs of P (k, z). Other Stage IV surveys give results comparable to LSST, and therefore we conclude that for all surveys we consider, the first ∼9 PCs contain 90% of the total constraining power on our test set of baryonic models.
power spectrum, we define a figure of merit F as the reciprocal of the geometric mean of the 68% confidence intervals for the most important 9 PCs for each survey:
Since the PCs are uncorrelated by construction, the product 9 a=1 σa is proportional to the volume of the hyperellipsoid corresponding to the joint 68% confidence region of all PCs, but this product differs by many orders of magnitude for different surveys. On the other hand, the quantity in Eq. (16) efficiently captures a kind of average of the constraints on the first 9 modes; from Eq. (14), we then find that the effective constraints on a generic model for baryonic effects (as parametrized by σ(A bar )) will scale proportionally to F. Fig. 7 presents the figure of merit for each survey we consider in this work, for forecasts using either ξ± measurements down to θmin = 2 , normalized to the figure of merit for DES SV to emphasize the improvement of future shear measurements over currently available data. Fig. 7 indicates that HSC and the Y5 shear measurements from DES will improve on current data by roughly an order of magnitude, while upcoming Stage IV surveys will only improve on that (16)) for constraints on baryonic models, normalized to the value for DES SV, for forecasts performed with mock ξ ± measurements down to θ min = 2 . We find that both HSC and the Y5 shear measurements of cosmic shear from DES will improve F by roughly an order of magnitude, implying a similar potential improvement in our information about baryonic effects on the matter power spectrum, while Stage IV surveys like LSST will improve on that by a further factor of a few.
by a factor of a few. This can be understood intuitively by making use of the following rough scalings:
sky , since the leading terms in the data covariance matrix scale like f −1 sky .
• Because of shot noise in the shear correlation function, F ∝ (nσ −2 ) 0.6 (this power has been empirically determined by varying n in forecasts for various surveys). If shot noise completely dominated the covariance matrix at all scales, we would expect F ∝ (nσ −2 ) 1 , but the balance between the cosmic variance and shot noise terms in Eq. (9) softens the dependence to what we quote here.
• On average, the figure of merit scales with the number of redshift bins like F ∝ n 0.4 bins . This power is steeper for surveys with broader redshift distributions, since in those cases, narrower redshift bins contain more information than for surveys that primarily probe lower redshifts. Therefore, it is essentially the improvement in the expected number of galaxies with measured shapes (i.e. f sky × n) that drives the large improvement of Stage III surveys over current data, as compared to the somewhat more modest improvement afforded by Stage IV surveys.
Expected constraints on specific baryonic models
Beyond the model-independent approach of Sec. 5.1, we can also ask how our method can provide information about specific baryonic models when applied to different surveys. Specifically, we can use Eq. (14) to translate the expected constraints on the 9 most important PCs into constraints on A bar for each of the models in Sec. 3.3. We can further translate these constraints into the statistical significance at which each model could be ruled out by a given survey (or, alternatively, the significance at which the DM-only power spectrum can be ruled out).
The top left panel of Forecasts using ξ ij ± , 2 <θ <300
Figure 8. Top panels: Expected one-sigma constraints on A bar (see Eq. (12)) for each survey and baryonic model we consider, when the first 9 PCs for each survey are used in the analysis. Bottom panels: Statistical significance at which each survey could rule out each model, again using the PCA approach with the amplitudes of the first 9 PCs included as free parameters in the analysis. Using measurements of ξ ij ± over the range 4 < θ < 300 (left panels), the constraints are strongest on models including prescriptions for feedback or other effects that affect the power spectrum at relatively large scales, e.g. k 1 h Mpc −1 at z = 0 (blue labels). When θ min = 2 is used instead (right panels), models with large deviations from the DM-only power spectrum on small scales (typically due to cooling effects on the centers of halos; black labels) are much better constrained due to the inclusion of the additional small-scale information.
Forecasts using ξ ij ± , 0.5 <θ <300
DES SV DES Y5 HSC Figure 9 . Same as the bottom panels of Fig. 8 , but assuming that measurements of ξ ± can be used down to θ min = 0.5 . The gain in constraining power is significant (and also robust to the variations in systematics discussed in Sec. 5.3), with all other surveys we have considered (not shown) providing better than 20σ constraints across the entire test set of baryonic models. Therefore, the coming generation of cosmic shear measurements could potentially be very informative with regards to the implementation of certain baryonic phenomena in simulations.
Forecasts for LSST Figure 10 . Same as the bottom panels of Fig. 8 , but comparing LSST forecasts using the real-space correlation function ξ ± (black solid lines) or the angular power spectrum C (red dashed lines) with different values of θ min and max as indicated in the figure.
For each value of θ min , we find that max can be chosen to provide very similar constraints on our test set of baryonic models, following the relationship θ min 1.3π/ max.
down to θmin = 4 , while the bottom left panel shows the corresponding statistical significance of these constraints, given in terms of the "number of sigmas" at which the model could be distinguished from the DM-only case. Unsurprisingly, the models that can be best constrained by the most powerful surveys are AGN, whose implementation of feedback has dramatic effects at large scales 9 , and NOSN, which lacks any feedback processes but implies a large enhancement at small scales due to cool gas altering the cores of halos. Other models with significant feedback or strong winds, such as WDENS, are the next-best constrained, in some cases even better than NOSN due to shape noise and other factors that reduce the capabilities of some surveys to probe the smallest scales.
When we consider measurements of ξ± down to θmin = 2 , shown in the right panels of Fig. 8 , the corresponding increase in small-scale information serves to improve the constraining power by roughly a factor of two in many cases 10 . The improvement is more modest for models where feedback reduces the impact of cooling on the clustering at the smallest scales, and in some cases, the slight shift in the angular coordinates of the measured ξ± data points even causes a very slight degradation in the constraints.
Given the importance of small scales for this analysis, we have also investigated the case where measurements of ξ± can be used down to θmin = 0.5 . The results for DES SV-like or Stage III datasets are shown in Fig. 9 ; for all other surveys we consider, the constraints on all baryonic models are better than 20σ. This conclusion is insensitive to the priors on systematic effects that we will return to in Sec. 5.3, but of course relies on sufficient control of all observational issues that could affect the usability of measurements at these scales. Nevertheless, it seems likely that data from Stage III surveys, or even partial data releases from these surveys, will be informative with respect to certain behaviors of baryons on the scales probed by cosmic shear measurements.
We have presented our results in the framework of distinguishing each model from the DM-only case, but with the high level of statistical significance that will be afforded by future surveys, it is likely that these measurements will be able to distinguish between different scenarios themselves. This can be accomplished by examining the joint posteriors on the amplitudes of each PC, and then comparing the projections of individual models onto these PCs. This procedure can in principle be applied to any model or simulation for which the total matter power spectrum is known, and may also be useful in constraining models containing their own continuous parameters.
Similar conclusions apply to cases where two-point statistics other than the correlation functions ξ± are used in the analysis. In Fig. 10 , we compare forecasts for LSST performed with either ξ± or the angular power spectrum C , with max chosen to reproduce as closely as possible the results from ξ± for each value of θmin we have previously considered. It is to be expected that θmin scales roughly as π/ max, and our explicit comparisons bear out this expectation, with θmin 1.3π/ max. Specifically, we find that the ξ± forecasts with θmin = {4 , 2 , 0.5 } match quite closely with C forecasts with max = {3500, 7000, 30000}, respectively.
Impact of systematics at small scales
Of the possible systematics we describe in Sec. 3.2, two of the more uncertain are the accuracy of the modeling of the DMonly power spectrum (including the effects of massive neutrinos) and the level of shear-specific systematics (e.g. lensing bias) that could be important when interpreting measurements at small scales. Our fiducial choice for the main results of the paper has been a 5% uncertainty in the DM-only power spectrum for k > 0.5 h Mpc −1 (our S (high) P parameter) and a 5% error budget for shear-specific systematics at = 10 4 (our S shear parameter), with a profile scaling like ∆C ∝ 0.5 . In Figs. 11 and 12, we display representative variations in our forecasts when the priors on S (high) P and S shear are varied away from their fiducial values, for the forecasts with θmin = 4 and 2 respectively. For the AGN model and others where feedback affects the power spectrum on large scales, the accuracy in the modeling of the DM-only power spectrum is an important determinant of the overall constraining power, provided that the other shear systematics are controlled at a reasonable level. On the other hand, for models for which the constraining power is concentrated at smaller scales, the effects of baryons on the power spectrum at these scales are generally so strong that knowledge of the DM-only power spectrum to within 10% will be sufficient to detect their presence from shear measurements alone.
Essentially the same conclusion holds for the prior on S shear : it has a relatively smaller impact on coolingdominated models than on feedback-dominated scenarios. The increased precision of Stage IV surveys like LSST actually translates into less stringent requirements on the modeling of the DM-only power spectrum for AGN-like models, although the main science goals of these surveys (e.g. searches for new cosmological physics) will of course impose their own stricter requirements. In fact, for cooling-dominated models, we find that the constraints from Stage IV surveys are fairly insensitive to the systematics we vary in this section; measurements with θmin 3 will be capable of distinguishing our entire test set of baryonic models from the DM-only case, even with ∼10% uncertainties in the theoretical modeling on the relevant scales.
CONCLUSIONS
In this paper, we have assessed the ability of the two-point statistics of cosmic shear to act as a probe of the physics of galaxy formation, which is expected to impact the matter power spectrum. We have done so using a method that parameterizes the effects of baryons on the matter power spectrum in terms of a set of principal components (PCs). For a given survey, the method automatically classifies these LSST, NOSN Figure 11 . For ξ ± measurements with θ min = 4 , each panel shows the statistical significance (in "number of sigmas", as in Figs. 8-10) at which the specified baryonic model can be ruled out by the specified survey, as a function of the assumed level of two types of systematic uncertainty in the theoretical modeling. The parameter S (shear) denotes the uncertainty in the handling of shear-specific systematics (such as source-lens clustering) in the modeling of the shear correlation function, assumed to scale like ∆C ∝ 0.5 , while S (high) P denotes the uncertainty in the DM-only power spectrum for k < 0.5 h Mpc −1 (see Sec. 3.2 for details). Accuracy in both aspects of the modeling is more important for AGN-like models in which feedback affects the power spectrum on relatively large scales, while for cooling-dominated models. Meanwhile, Stage IV surveys will be sufficiently powerful that relatively large (∼10%) uncertainties in the modeling will not appreciably degrade the constraints.
PCs in terms of the expected constraints on each one, allowing for poorly-constrained PCs to be discarded from an analysis without a significant loss of information. These PCs are determined by the properties of a given survey, and are independent of the implementations of baryonic physics one might be interested in testing.
We have performed forecasts for the application of this method to a variety of surveys, ranging from those that have already been completed (the Dark Energy Survey Science Verification run) to Stage III (DES Y5, HSC) and Stage IV (WFIRST, LSST, Euclid) surveys. We have used the OWLS simulation suite, composed of nine different implementations of baryonic effects plus a reference dark matter-only run, to test how the (model-independent) output of the method translates into constraints on a range of specific models.
We find that surveys operating now and planned in the near future have significant power to constrain the impact of galaxy formation on the matter power spectrum, with the potential to strongly constrain or rule out a majority of the models considered here. (Indeed, in Harnois-Déraps et al. 2015 , mild constraints were already obtained from CFHTLenS data, although using a different method than what we present here.) We emphasize that cosmic shear is a very clean signal to model: the connection between the observed correlations of galaxy shapes and the underlying matter clustering is completely determined by a weak-field calculation in general relativity, and does entail any of the astrophysical calibration or selection issues involved in many other probes of galaxy formation physics.
Our main results may be summarized as follows:
• For all surveys we consider, we find that 90% of the constraining power with respect to baryonic effects on the matter power spectrum is encapsulated in no more than nine PCs, implying a likelihood analysis that makes use of this PCA method would need to add no more than nine additional parameters.
• From these nine PCs, one can define a figure of merit as the reciprocal of the geometric mean of the expected onesigma constraints on the corresponding amplitudes. By comparing this figure of merit for different surveys, we find that the constraints from Stage III surveys will improve on those from currently available shear measurements by roughly an order of magnitude, while Stage IV surveys will provide further improvements of a factor of a few. We argue that it is chiefly the number of galaxies with measured shapes that drives this improvement.
• We find that the ultimate power of our method to constrain baryonic effects depends strongly on the minimum scale θmin at which measurements of the shear correlation functions ξ± can be used. In particular, if θmin can be pushed down to less than one arcminute, Stage III surveys should be able to rule out (at more than five-sigma confidence) the majority of the baryonic models we consider. We reach this conclusion after marginalizing over uncertainties in neutrino mass, photometric redshift distributions, shear calibration, and theoretical modeling of the power spectrum.
In our analysis, we have assumed that the background cosmology has already been mostly fixed by other measurements, such as temperature fluctuations in the cosmic microwave background. For our fiducial cosmology, we have chosen the latest best-fit model from Planck (Planck Collaboration et al. 2015) , marginalizing over their one-sigma uncertainties. In applying our method to data, care must be taken in choosing a fiducial cosmology that is consistent with the dataset being employed (accounting, for example, for the current tensions between cosmological constraints from weak lensing and the CMB), to avoid a wrong choice of cosmology biasing the constraints on baryonic effects. While we have not investigated the size of this possible bias in detail, it could easily be investigated in a future analysis simply by varying the choice of cosmology and examining the resulting change in the constraints on the PCs.
The primary product of a likelihood analysis making use of this method would be posterior constraints on the amplitudes of the most important PCs for that survey, with the PCs determined by a similar Fisher matrix procedure to what we have used here. The power spectrum from a given baryonic model can then be projected onto these PCs, and the resulting amplitudes can be compared with the constraints, without the need for an separate likelihood analysis corresponding to every model of interest. In this way, the results of a likelihood analysis including the PCs will act as a resource that can be used to assess the realism of currentlyexisting models or hydrodynamical simulations, and could also be used to guide the development of new models or simulations.
Furthermore, there currently exist models for baryonic effects on clustering that contain parameters connected to specific physical processes, such as halo expansion or gas ejection (e.g. Mead et al. 2015; Schneider & Teyssier 2015) . Constraints on the PCs from our method could also be mapped onto constraints on such parameters, and could therefore help to inform our knowledge about the related processes, in a more detailed manner than a wholesale acceptance or rejection of an individual model. Finally, we note that even stronger constraints can likely be obtained by performing this kind of analysis on the combination of cosmic shear and other cosmological statistics. These include, for example, the cluster-mass correlation function, cluster Sunyaev-Zeldovich profiles, and galaxygalaxy lensing. These may have significant additional power but introduce extra complexity in the modeling due for example to the need for a model for the cluster-halo connection in the first two cases and a bias model in the third case. Regardless, we have shown that, if sub-arcminute measurements can be robustly made, the connection between cosmic shear and the overall clustering of matter can be exploited to turn cosmic shear into an important probe of the physics of galaxy formation.
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